Cytomegalovirus (CMV) retinitis is a common opportunistic infection in patients with AIDS. With long-term therapy for CMV retinitis, resistant CMV may develop. In a prospective study of 122 patients with CMV retinitis, 2.4 and 0.8% of patients had foscarnet-resistant blood culture isolates (50% inhibitory concentration [IC 50 ], >400 M) and urine culture isolates, respectively, at diagnosis of CMV retinitis prior to treatment, whereas 4.1 and 6.6% had cidofovir-resistant (IC 50 , >2 M) blood and urine culture isolates, respectively. Patients were treated according to best medical judgement. Of 44 foscarnet-treated patients, 26% had a resistant blood or urine culture isolate by 6 months of treatment and 37% had a resistant isolate by 9 months; of 13 cidofovir-treated patients, 29% had a resistant blood or urine culture isolate by 3 months of therapy. The probabilities of developing foscarnet resistance while on foscarnet and developing cidofovir resistance while on cidofovir were not significantly different from that for developing ganciclovir resistance while on ganciclovir (odds ratios, 1.87 [P ‫؍‬ 0.19] and 2.28 [P ‫؍‬ 0.15], respectively).
MATERIALS AND METHODS
The Cytomegalovirus Retinitis and Viral Resistance Study is a prospective observational study of consecutive, CMV drug-naive patients at The Johns Hopkins Medical Institutions undergoing antiviral drug therapy for CMV retinitis from 1993 to 1997. The CMV drug and drug dose chosen for initial therapy were determined by the clinical personnel based upon best medical judgement and without knowledge of patients' baseline results. Enrolled patients were untreated for CMV retinitis. Prior to initiation of therapy, patients underwent an eye examination, measurement of CD4 ϩ T-cell count, and cultures of blood and urine for CMV. Patients returned for follow-up examinations monthly. Cultures of blood and urine were repeated at 1 and 3 months after enrollment and every 3 months thereafter and when clinically evident progression of the retinitis occurred. All positive culture isolates were submitted for sensitivity testing. The study was approved by The Johns Hopkins Medical Institutions Joint Committee for Clinical Investigation, and written informed consent was obtained from all patients enrolled in this study.
Blood and urine samples for CMV culture were processed in tubes of MRC-5, WI-38, and MRHF fibroblasts. Tubes were read daily for CMV-specific cytopathic effect, and CMV was confirmed by fluorescence microscopy. All uncontaminated cultures were held for 6 weeks before being recorded as negative. All positive cultures were tested for susceptibility to foscarnet and cidofovir, regardless of the patient's treatment. Susceptibility testing was performed with the Hybriwix Probe System/CMV Antiviral Susceptibility Test kit (Diagnostic Hybrids, Inc., Athens, Ohio) (4). Confluent human foreskin fibroblasts in 24-well plates were infected with CMV at 1,000 PFU per well. After 90 min of absorption, minimal essential medium containing 10% fetal bovine serum with the anti-CMV drug to be tested was added. Foscarnet was added at concentrations of 0, 100, 200, 300, 400, and 500 M, and cidofovir was added at concentrations of 0, 0.2, 0.4, 0.8, 1.6, and 3.2 g/ml; if necessary, higher concentrations were used. After 5 to 7 days, media were removed, lysis solution was added, and the Hybriwix probes were inserted into the wells. Hybriwix probes were batch hybridized with an 125 I-radiolabeled DNA probe specific for CMV. The processed Hybriwix probes were counted in a gamma counter, and the mean radioactivity for each concentration of the drug was determined (11, 13) . The concentration of drug which resulted in a 50% reduction in DNA hybridization versus the no-drug control established the 50% inhibitory concentration (IC 50 ) against that CMV isolate. For foscarnet, isolates were considered sensitive if the IC 50 was Յ400 M and resistant if the IC 50 was Ͼ400 M (6, 11), and for cidofovir, isolates were considered sensitive if the IC 50 was Յ2.0 M (0.6 g/ml) and resistant if the IC 50 was Ͼ2.0 M (2). For quality control purposes, a subset of isolates, obtained both at the diagnosis of CMV retinitis and during follow-up, underwent susceptibility testing with both the Hybriwix assay and the plaque reduction assay (8, 11) .
Patients were treated according to best medical judgement. The induction dose of foscarnet was 90 mg/kg of body weight twice daily intravenously for 2 weeks, followed by maintenance therapy at 90 to 120 mg/kg once daily, and cidofovir induction was 5 mg/kg once weekly for 2 weeks, followed by maintenance therapy at 3 or 5 mg/kg once weekly.
Kaplan-Meier analysis was done to estimate the resistance-free time. The log rank test was used to compare resistance-free times between groups of patients. Cox proportional hazards regression analysis was done to estimate hazard ratios.
RESULTS
This report includes data on patients enrolled from November 1993 through 31 December 1996 with follow-up through 28 February 1997. The patient population was generally young (median age, 39 years) and predominantly male (77.0%) and had severe immunodeficiency (median CD4 ϩ T-cell count, 9 cells/l). Risk groups for human immunodeficiency virus infection were as follows: men having sex with men, 53.3%; injection drug use, 19.7%; heterosexual transmission, 22.1%; and other, 4.9%. Of the 122 patients, 121 received treatment; one patient enrolled in the study but did not return for followup. For these 121 patients, initial therapy was intravenous ganciclovir induction and maintenance therapy (67.8%), intravenous foscarnet induction and maintenance (18.6%), ganciclovir implant and oral ganciclovir (5.9%), and intravenous cidofovir (7.6%). Throughout the study, 44 patients received foscarnet and 13 patients received cidofovir at some time.
Baseline blood cultures were positive in 60.7% of patients, and urine cultures were positive in 59.0% of patients; overall, 79.5% of patients had either a positive blood or a positive urine culture at diagnosis of CMV retinitis. The proportions of foscarnet-treated patients with a positive blood or urine culture while on foscarnet were as follows: after 1 to 3 months of therapy, 31.4% (blood, 22.9%; urine, 23.1%); 4 to 6 months, 25.0% (blood, 25.0%; urine, 0%); and 7 to 9 months, 33.3% (blood, 33.3%; urine, 12.5%). The proportions of cidofovirtreated patients with a positive blood or urine culture while on cidofovir were as follows: after 1 to 3 months of therapy, 62.5% (blood, 62.5%; urine, 37.5%), and 4 to 6 months, 50.0% (blood, 50%; urine, 0%).
Seventy-one blood culture isolates and 65 urine culture isolates from patients prior to treatment underwent foscarnet susceptibility testing, and 62 blood culture and 53 urine culture isolates underwent cidofovir susceptibility testing. Table 1 . For foscarnet-treated patients, 37% of patients treated for 9 months developed at least one foscarnet-resistant isolate from either blood or urine (Fig. 1) . Among patients who developed a foscarnet-resistant isolate, the peak IC 50 ranged from 439 to 873 M with a median IC 50 of 646 M and a mean IC 50 of 636 M. Only one patient remained on cidofovir after 6 months. Among cidofovir-treated patients, 29% of patients treated for 3 months developed at least one cidofovir-resistant isolate from either blood or urine (Table 2 and Fig. 2 ). Among patients who developed a cidofovir-resistant isolate, the peak IC 50 (from either blood or urine) ranged from 2.9 to 5.5 M. The probability of developing ganciclovir resistance in either blood or urine while on ganciclovir among the cohort was 7% at 3 months, 12% at 6 months, and 27% at 9 months of therapy (13) . The relative risk for developing a foscarnet-resistant isolate among foscarnet-treated patients compared to that for developing a ganciclovir-resistant isolate among ganciclovirtreated patients (Table 3 ) was 1.62 for blood cultures (95% confidence interval [CI] ϭ 0.59 to 4.40; P ϭ 0.35), 1.50 for urine cultures (95% CI ϭ 0.27 to 8.28; P ϭ 0.64), and 1.87 for either blood or urine cultures (95% CI ϭ 0.73 to 4.78; P ϭ 0.19). The relative risk for developing a cidofovir-resistant isolate among cidofovir-treated patients compared to that for developing a ganciclovir-resistant isolate among ganciclovirtreated patients was 3.44 for blood cultures (95% CI ϭ 0.88 to 13.41; P ϭ 0.08), 1.09 for urine cultures (95% CI ϭ 0.13 to 8.88; P ϭ 0.94), and 2.28 for either blood or urine cultures (95% CI ϭ 0.75 to 6.97; P ϭ 0.15).
All but two of the patients who developed foscarnet resistance were sensitive to ganciclovir and to cidofovir. One patient was resistant to ganciclovir (IC 50 ϭ 13.68 M), but he had been treated with ganciclovir previously. The other patient's CMV was sensitive to ganciclovir but resistant to cidofovir (IC 50 ϭ 2.72 M). All of the patients who developed cidofovir resistance were sensitive to foscarnet; one patient was found to be moderately ganciclovir resistant (IC 50 ϭ 8.20 M).
DISCUSSION
The Cytomegalovirus Retinitis and Viral Resistance Study is a prospective epidemiologic study of the development of resistance in patients with AIDS treated for CMV retinitis. We previously reported that a ganciclovir-resistant isolate could be identified in 27% of patients treated with ganciclovir for 9 months (13) and that identification of a resistant isolate was associated with adverse outcomes, such as dissemination to the other eye (13) and rapid progression of the retinitis (7).
Because a large number of specimens needed to be processed, we elected to use the Hybriwix DNA hybridization assay. For foscarnet susceptibility testing, the DNA hybridiza- tion assay gave an IC 50 similar to that of the plaque reduction assay, and the statistical approach suggested by Drew et al. (6) for determining the upper limit of foscarnet sensitivity from pretreatment isolates suggested that the threshold of 400 M was appropriate. For cidofovir susceptibility testing, the DNA hybridization assay tended to give a lower IC 50 than did the plaque reduction assay. However, the statistical analysis of pretreatment isolates suggested that an IC 50 of 2.5 M might be more appropriate for classifying cidofovir resistance. Because these two data sets suggested different adjustments to the previously proposed 2 M threshold for classifying an isolate as cidofovir resistant, we elected to use the 2 M threshold and also to report the data with the higher 2.5 M threshold.
The frequencies of a foscarnet-resistant isolate or a cidofovir-resistant isolate at the time of diagnosis of CMV retinitis were low, a result consistent with the previous work from our group and others (2, 6, 11) . However, with prolonged therapy use, there was an increasing proportion of patients who developed a resistant isolate: 37% of patients treated with foscarnet for 9 months had a foscarnet-resistant isolate, and 29% of patients treated with cidofovir for 3 months had a cidofovirresistant isolate.
A good correlation has been reported between the resistant phenotype for ganciclovir, defined by an IC 50 , and detection of genetic mutations in the CMV UL97 and UL54 genes (3, 16) . The correlation between phenotypic detection of resistance, defined by an IC 50 , and genetic mutations conferring resistance has been less well studied and less well determined for foscarnet and cidofovir. Although the 400 M threshold has been used as the IC 50 for identifying a foscarnet-resistant isolate (6), we also analyzed our data with a higher threshold, 500 M. Even with this higher threshold, 19% of patients had a foscarnet-resistant isolate by 9 months of therapy. Similarly, we analyzed the incidence of cidofovir resistance with a higher, 2.5 M threshold. With this threshold, 20% of patients developed a cidofovir-resistant isolate. There have been some preliminary data from genetic analyses suggesting that the 2 M threshold may be too conservative (1a) and that one as high as 4 M may be more appropriate. No patient developed an isolate with an IC 50 of Ͼ4 M cidofovir while on cidofovir, but one patient developed a rising IC 50 on cidofovir which peaked at 5.5 M after discontinuing cidofovir.
We compared the probability of developing a foscarnetresistant isolate on foscarnet and of developing a cidofovirresistant isolate on cidofovir to that of developing a ganciclovir-resistant isolate while on ganciclovir. These probabilities appeared to be no less than that of developing a ganciclovirresistant isolate, and our data suggested that they may be greater. However, the P values for this difference did not achieve statistical significance, possibly because of the number of patients on foscarnet and cidofovir. Caution must be used in interpreting these comparisons because our study was a prospective epidemiologic one and not a controlled clinical trial; other, unidentified factors might influence the development of resistance. However, our previous work could not detect other factors which increased the likelihood of developing ganciclovir resistance (13) . Therefore, our data suggest that foscarnet resistance and cidofovir resistance are at least no less likely than ganciclovir resistance when patients are treated for comparable time periods.
The Study of Ocular Complications of AIDS (SOCA) Research Group reported that they could not detect cases of foscarnet resistance, possibly due to the fact that foscarnetresistant isolates were at a growth disadvantage in culture (18) . In contrast to the SOCA Research Group, we were able to detect foscarnet resistance. It is possible that methodological differences contributed to the different results. In our study, foscarnet resistance testing was done promptly upon positively identified cultures, rather than on banked frozen specimens, as was done in the SOCA study (18) . If foscarnet resistance confers a growth disadvantage, regrowth of cultures from banked specimens may be problematic, and the identification of foscarnet resistance may be more difficult.
One limitation of this study is that resistance could be detected only in patients with positive cultures; it is possible that patients could harbor resistant virus which could not be detected by our methodology. Foscarnet resistance and presumably cidofovir resistance occur due to mutations in the CMV DNA polymerase gene (1), but these mutations have not been as well characterized as have those for ganciclovir in the UL97 gene. Data on mutations were not available in our study.
In conclusion, our data suggest that, among patients with prolonged treatment with either foscarnet or cidofovir, foscarnet and cidofovir resistance each occur in approximately onethird of patients and that foscarnet and cidofovir resistance may develop at rates similar to those of ganciclovir resistance.
